Introduction
Among all landscape elements, relief contributes the most to the external appearance of Slovenia's landscapes Perko 2002, 2003) . Given the rapid development of geographical information systems, its visual presentation or the digital elevation model is almost indispensable in modern geographical research.
The applicability of digital elevation models for studying relief and landscape is primarily linked to their accuracy. Until the end of the 1990's, we in Slovenia had only 500-meter and 100-meter digital elevation models of the country's entire territory at our disposal. Both are based on the points of the square grid of the Gauß-Krüger coordinate system (Rihtar{i~ and Fras 1991) . It is understandable that Slovene geographers mainly used the more accurate of the two models, the 100-meter digital elevation model, in their studies as did cartographers in creating thematic maps. The model is composed of data on altitude points that are 100 meters apart from north to south and from east to west, with the corners of the square cells having a 100-meter baseline, a 141-meter diagonal, and an area of one hectare (Perko 2001) .
The distance between the points, however, limits the model's applicability since relief features that are not substantially larger than 100 or 141 meters are completely lost or at least somewhat deformed. This failing is particularly significant in studies of landscapes with numerous small relief forms, such as those characteristic of the karst relief that covers almost one half of Slovenia.
In 2000, we at the Scientific Research Center of the Slovenian Academy of Sciences and Arts created a 25-meter digital elevation model from radar pictures taken by the European Space Agency between 1995 and 1999 called the »InSAR DEM 25 radar interferometry digital elevation model« (Podobnikar and O{tir 1999; O{tir, Podobnikar, Stan~i~, and Mlinar 2000; Podobnikar 2002; Podobnikar 2005) . The model is composed of data on altitude points that are 25 meters apart from north to south and from east to west, with the corners of the square cells having a 25-meter baseline, a 35-meter diagonal, and an area of 625 m 2 .
Testing proved that the accuracy of the 100-meter digital elevation model is approximately 10 meters (3 meters for plains and 16 meters for mountains), while the accuracy of the 25-meter digital elevation model is approximately 5 meters (2 meters for plains and 14 meters for mountains); in both cases, the roughest errors in a few examples in the Alps exceeded 50 meters (Dr`avna geodezija 1998 , Digitalni modeli vi{in 2004 .
The ratio between the distance of the points in the 100-meter and the 25-meter digital elevation models is 4 : 1, and between the surface area of the square cells, 16 : 1. In this sense, the 25-meter digital elevation model is sixteen times more accurate that the 100-meter model.
Of the three basic geometric properties of planes that we can establish in the framework of the geographical information system using a digital elevation model, that is, distance, inclination, and curvature relative to horizontal and vertical , we selected the three properties or indicators for comparison that are the most frequently used in geography. These are:
• surface height or the distance of surface relative to the horizontal, • surface slope or the inclination of surface relative to the horizontal, and • surface aspect or the inclination of surface relative to the vertical.
Surface height is given in meters, surface slope in degrees from 0 for level surfaces to 90 for vertical surfaces, and surface aspect in degrees from 0 for north facing sites to 180 for south facing sites. We calculated these indicators for all of Slovenia and for four areas with different relief (rectangular sections) each nine kilometers long and six kilometers wide with a surface area of 54 km 2 . For calculating the indicators, we used the IDRISI program package (Eastman 1995) . The established indicators from the 100-meter digital elevation model are based on 2,027,198 data items for all of Slovenia and on 5,400 data items for the individual areas, while those from the 25-meter digital elevation model are based on 32,436,693 data items for all of Slovenia and 86,400 data items for the individual areas. The areas (Figure 1 ), which we named after Mount [krlatica in the Julian Alps, the Mirna River, a tributary of the Sava River, and the villages of Jeruzalem in Slovenske Gorice and [kocjan near the [kocjan Caves, are described briefly in Chapter 2.
The following three chapters present the results of comparisons between the 25-meter and 100-meter digital elevation models of Slovenia and the selected areas relative to surface height, surface slope, and surface aspect. We compare the frequency of distribution, arithmetic mean, standard deviation, range (difference between highest and lowest values), and the coefficient of variation (ratio between standard deviation and arithmetic mean) and test the arithmetic means of surface heights, surface slopes, and surface aspects.
Hereafter, »DEM-100« refers to the 100-meter digital elevation model and »DEM-25« to the 25-meter digital elevation model.
Selected areas
The areas we selected for the comparison of DEM-100 and DEM-25 differ primarily relative to the morphological and genetic type of relief, the vertical and horizontal surface roughness, and the rock structure ( Figure 1 ).
The Mount [krlatica area (Figure 2 ) lies in the northern part of the eastern Julian Alps and includes the [krlatica and Martuljek mountains that rise above the tree line and substantially surpass 2,000 meters in altitude. To the north this imposing mountain group is bordered by the Sava River valley, to the west by the valley of the Velika Pi{nica River, and on the east by the Vrata valley. The mountains are largely composed of carbonate rock, mostly thick layers of limestone, and the valleys are filled with glacial and river sediments. In the landscapes heavily transformed by glacial action, precipitous hillslopes that descend from peak ridges into deep cirques stand out (Miheli~2003). Large vertical and small horizontal surface roughness is characteristic of the area ).
The Mirna River area (Figure 3 ) covers the hills and to a smaller extent the low hills of the lower watershed of the Mirna River between the settlement of Tr`i{~e and its confluence with the Sava River. In this section, the Mirna River cuts through the ridge that links the hills around Bo{tanj and Kr{ko. The river carved a deep gorge, and its entrenched meanders are especially interesting. The fluviodenudational surface composed mostly of marl and dolomite rock is extremely dissected, the ridges are quite branched, and the hillslopes are smooth without any ravines (Topole 1998). Moderate vertical and horizontal surface roughness is characteristic of the area .
The Jeruzalem area ( Figure 4) covers part of the low Ljutomersko-Ormo{ke hills in eastern Slovenske Gorice. Their backbone is the marl and sandstone ridge dividing the watersheds of the [~avnica and Drava rivers. The divide ridge runs east to west, and numerous side spurs run mainly north and south (Kert 1991) . In the impermeable and easily erodible rock, streams have carved numerous ravines and small valleys that are often moist due to the modest gradient. Landslides are periodically triggered on the steeper slopes (Belec 1968) . Moderate vertical and large horizontal surface roughness is characteristic of the area .
The [kocjan area ( Figure 5 ) is located in the southeastern part of the Diva~a karst region and covers the wider vicinity of the [kocjan Caves. This karst plateau is roughly level and boasts numerous dolines and deep collapse dolines that formed above the former and current underground courses of the Reka River. Many streams flow in from the northern foothills of the flysch Brkini region: several flow into the Reka River on the surface while others sink in the gables of blind valleys. The picturesque canyon and the large blind valley at the entrance to the [kocjan Caves were created by the Reka River (Mihevc 2001) . Small vertical and moderate horizontal surface roughness is characteristic of the area . 
Surface heights
The curves of the frequency distribution of surface heights in DEM-25 and DEM-100 for both Slovenia and the selected areas overlap over almost their entire length. It is understandable that the variability expressed by the coefficient of variation is higher for all of Slovenia than for the selected areas because the range or span of surface height for Slovenia is between 1 and 2,816 meters in DEM-100 and between 0.00 and 2,851.80 meters in DEM-25, while in the Jeruzalem area, where the range is the lowest, it is only between 208 and 332 meters in DEM-100 and between 204.50 and 346.20 meters in DEM-25.
In all the cases, the differences are relatively small, and therefore the use of DEM-100 suffices for calculating basic statistical indicators such as arithmetic means, variance, standard deviation, and coefficients of variation for both the entire area of Slovenia and for smaller sections such as our selected areas. This is further demonstrated by a comparison of the average surface heights of DEM-100 and DEM-25 using the t-test, which indicated that for Slovenia and the selected areas there are no statistically significant differences given a 99% confidence level.
We can also establish the differences between DEM-100 and DEM-25 by comparing their graphic representations of surface heights. For example, in the representation of the Jeruzalem area in DEM-100, we can only perceive the course and general formation of valleys and ridges ( Figure 18 ) while DEM-25 reveals their detailed dissection by erosion gullies and ravines ( Figure 19 ).
Surface slope
The curves of the frequency distribution of surface slopes for all of Slovenia and the selected areas differ substantially in DEM-25 and DEM-100. For all of Slovenia, the DEM-100 curve is higher for surface slopes up to 12°, while the DEM-25 curve is higher for surface slopes from 13° on. In all of the selected areas, the DEM-100 curve is also higher for lower surface slopes and lower for higher surface slopes. This is understandable because the more accurate DEM-25 can show the variability of the surface more adequately and therefore the higher more extreme surface slopes as well. For example, for the Mirna River area the proportion of cells with a 12° surface slope is 5.78% in DEM-100 but only 3.69% in DEM-25, and the proportion of cells with a 24° surface slope is only 0.85% in DEM-100 although as high as 3.10% in DEM-25. In individual cases, the differences are multiple.
The differences in average surface slopes between DEM-25 and DEM-100 are 3.06° for all of Slovenia, 2.81°f or the Mount [krlatica area, 5.31° for the Mirna River area, 3.38° for the Jeruzalem area, and 2.20° for the [kocjan area, and between the standard deviation of surface slopes, 1.83° for all of Slovenia, 1.38° for the Mount [krlatica area, 2.11° for the Mirna River area, 2.08° for the Jeruzalem area, and 2.11° for the [kocjan area. The differences in the coefficients of variation of surface slopes in DEM-25 and DEM-100 are 6.00% (percentage points) for all of Slovenia, 1.05% for the Mount [krlatica area, 4.91% for the Mirna River area, 3.62% for the Jeruzalem area, and 6.12% for the [kocjan area with ratios of 0.9319 or 6.81% for all of Slovenia, 1.0291 or 2.91% for the Mount [krlatica area, 0.9118 or 8.82% for the Mirna River area, 1.0706 or 7.06% for the Jeruzalem area, and 1.0857 or 8.57% for the [kocjan area.
As with surface heights, the variability of surface slopes in all of Slovenia is higher than in the selected areas because the range of surface slopes for all of Slovenia is between 0.00° and 77.21° in DEM-100 and between 0.00° and 89.24° in DEM-25, while in the Jeruzalem area, where the range is the smallest, it is between 0.00° and 18.15° in DEM-100 and between 0.00° and 32.80° in DEM-25.
In every case, the differences between the calculated statistical indicators are so large that even for all of Slovenia the use of DEM-25 instead of DEM-100 is recommended, and this recommendation applies even more for the smaller areas. This is further demonstrated by comparing the average surface slope of DEM-100 and DEM-25 using the t-test, which indicated that for Slovenia and the selected areas statistically significant differences exist given a 99% confidence level.
The large differences between DEM-100 and DEM-25 that we established using statistical indicators are also confirmed by the graphical presentations of surface slopes. For example, the presentation of the Mirna River area on DEM-100 shows the formation of the landscape only approximately (Figure 14) , while due to the greater differences between the largest and smallest slopes, smaller forms of fluviodenudational relief are clearly visible on DEM-25 (Figure 19 ), for example, river meanders and the larger scarps of the river terraces.
Surface aspect
For all of Slovenia and the selected areas, the curves for the frequency of distribution of surface aspects on DEM-25 and DEM-100 differ more than the curves for the frequency of distribution of surface heights but considerably less than the curves for the frequency of distribution of surface slopes. The path of the surface aspect curve for DEM-25 is similar to the path of the surface aspect curve for DEM-100 but smoothed, indicating that the proportions of individual surface aspects on DEM-25 are more even distributed. This is true for all of Slovenia and for the selected areas. For example, for all of Slovenia the proportion of cells with the southernmost aspect of 180° is 2.53% for DEM-100 but only 1.50% for DEM-25. On both digital elevation models, the smallest proportion of cells have an exposition of 64°: 0.26% on DEM-100 and 0.40% on DEM-25. For DEM-100, the ratio between the two values is almost 10, while for DEM-25 it is less than 4.
The differences in the average aspects on DEM-25 and DEM-100 are 2.11° for all of Slovenia, 1.38° for the Mount [krlatica area, 1.05° for the Mirna River area, 2.20° for the Jeruzalem area, and 3.87° for the [kocjan area, while the standard deviations of aspect are 1.24° for all of Slovenia, 0.18° for the Mount [krlatica area, 0.89° for the Mirna River area, 1.37° for the Jeruzalem area, and 0.23° for the [kocjan area. The differences in the coefficients of variation of aspect for DEM-25 and DEM-100 are 0.06% (percentage points) for all of Slovenia, 1.20% for the Mount [krlatica area, 1.68% for the Mirna River area, 2.44% for the Jeruzalem area, and 3.10% for the [kocjan area, while the ratios are 0.9990 or 0.10% for all of Slovenia, 0.9805 or 1.95% for the Mount [krlatica area, 0.9720 or 2.80% for the Mirna River area, 1.0540 or 5.40% for the Jeruzalem area, and 0.9507 or 4.93% for the [kocjan area.
In contrast with surface heights and surface slopes, the variability of surface aspects on DEM-100 and DEM-25 -with the exceprion of the Jeruzalem area -is slightly larger in all the selected areas than for Slovenia as a whole, which is also understandable since the range of surface aspect for all of Slovenia and for all the selected areas is the same, between 0.00° and 180.00°.
Although the differences between the calculated statistical indicators are smaller than with surface slopes, for both all of Slovenia and the smaller areas, the use of DEM-25 instead of DEM-100 is recommended, especially in hilly and dissected karst areas. This is further demonstrated by comparing the average surface aspects of DEM-100 and DEM-25 using the t-test, which indicated that the differences for all of Slovenia and the Jeruzalem and [kocjan areas are statistically significant given a 99% confidence level while those for the Mount [krlatica and Mirna River areas are not.
In graphical presentations, the differences between aspect in DEM-100 and DEM-25 are most visible on smaller relief forms. For example, in the presentation of the [kocjan area, it is almost impossible to distinguish the formation of the surface on DEM-100 (Figure 28 ), while on DEM-25, minor variations in the karst surface with its numerous dolines and collapse dolines are clearly visible (Figure 29 ).
Conclusion
Studies of relief and landscape using digital elevation models depend greatly on the accuracy of the models. In this article, we describe the 100-meter and 25-meter digital elevation models of Slovenia relative to differences in surface heights, surface slopes, and surface aspects for all of Slovenia and for four areas with different relief. We compared the frequency of distribution, arithmetic mean, standard deviation, range, and coefficient of variation and tested the statistical significance of differences in the arithmetic means.
In comparing frequency of distribution, we established:
• the curves of frequency of distribution of surface heights for DEM-25 and DEM-100 overlap over almost their entire length; • for surface slopes, the curve of DEM-100 for smaller surface slopes is larger and for greater surface slopes smaller than the curve of DEM-25; and • for surface aspects, the path of the curve of DEM-25 is similar to the path of the curve of DEM-100, but is smoother with smaller oscillations.
In testing the arithmetic mean, we established the following:
• the difference between average surface height of DEM-25 and DEM-100 is not statistically significant for either all of Slovenia or the selected areas; • the difference between average surface slope of DEM-25 and DEM-100 is statistically significant for all of Slovenia and for the selected areas; and • the difference between average surface aspect of DEM-25 and DEM-100 is statistically significant for all of Slovenia and the Jeruzalem and [kocjan areas, but not for the Mount [krlatica and Mirna River areas.
The comparison of statistical indicators showed the following:
• the difference between DEM-25 and DEM-100 relative to average surface height is smallest in the [kocjan area and largest in the Mount [krlatica area, relative to average surface slope the difference is smallest in the [kocjan area and largest in the Mirna River area, and relative to average surface aspect it is smallest in the Mirna River area and largest in the [kocjan area; • the difference between DEM-25 and DEM-100 relative to standard deviation of surface height is smallest in the [kocjan area and largest in the Jeruzalem area, relative to standard deviation of surface slope the difference is smallest in the Mount [krlatica area and largest in the Mirna River and [kocjan areas, and relative to standard deviation of surface aspect the difference is smallest in the Mount [krlatica area and largest in the Jeruzalem area; • the difference between DEM-25 and DEM-100 relative to the coefficient of variation of surface height is smallest for all of Slovenia and largest in the Jeruzalem area, relative to the coefficient of variation of surface slope the difference is smallest in the Mount [krlatica area and largest in the [kocjan area, and relative to the coefficient of variation of surface aspect is smallest for all of Slovenia and largest in the [kocjan area.
According to size classification of relief forms established by the French geomorphologist Tricart (1965) , we can state that on DEM-100 presentations mezzo-relief and elementary relief forms are clearly visible and include mountain ridges, valleys, basins, and the like, while smaller relief forms including hillslope erosion gullies, river terraces, larger moraines, dolines, and some anthropogenic forms such as river embankments, quarries, and cultivated terraces are much more visible on DEM-25 presentations.
Our overall assessment is that DEM-100 can be used instead of DEM-25 for studying surface heights and the basic statistical indicators of smaller areas, for studying surface aspect in specific cases, and only exceptionally for studying surface slope. Compared with DEM-25, DEM-100 is distinctly weak in areas with distinct horizontal surface roughnes, which is the case for the majority of the hilly regions in Pannonian and Mediterranean Slovenia and for the low karst plateaus characteristic of Mediterranean and Dinaric Slovenia. The differences between DEM-100 and DEM-25 that we established using statistical indicators are further confirmed by graphical presentations of surface heights, surface slopes, and surface aspects (Figures 6 to 29 Relief med vsemi sestavinami pokrajine najve~ prispeva k zunanji podobi slovenskih pokrajin (Hrvatin in Perko 2002 , 2003 . Pri sodobnih geografskih raziskavah je ob razcvetu geografskih informacijskih sistemov skoraj nepogre{ljiv njegov navidezni prikaz, to je digitalni model vi{in.
Uporabnost digitalnih modelov vi{in za preu~evanje reliefa in pokrajine je povezana predvsem z njihovo natan~nostjo. V Sloveniji smo imeli do konca devetdesetih let 20. stoletja za obmo~je celotne dr`ave na voljo le petstometrski in stometrski digitalni model vi{in. Oba slonita na to~kah kvadratne mre`e v Gauß-Krügerjevem koordinatnem sistemu (Rihtar{i~ in Fras 1991). Razumljivo je, da smo geografi pri raziskavah in kartografi pri tematskih zemljevidih od obeh modelov uporabljali predvsem natan~nej{i, stometrski digitalni model vi{in. Sestavljajo ga podatki o nadmorskih vi{inah to~k, ki so od severa proti jugu oziroma vzhoda proti zahodu oddaljene 100 m in so ogli{~a kvadratnih celic z osnovnico 100 m, diagonalo 141 m in povr{ino 1 ha (Perko 2001) .
Prav oddaljenost med to~kami pa omejuje njegovo uporabnost, saj se reliefne oblike, ki niso precej ve~-je od 100 oziroma 141 m povsem izgubijo ali pa vsaj bolj ali manj popa~ijo. To je {e posebej pomembno pri preu~evanju pokrajin s {tevilnimi majhnimi reliefnimi oblikami, kakr{ne so zna~ilne na primer za kra{-ki relief, ki pokriva skoraj polovico Slovenije. Razmerje med oddaljenostjo to~k pri stometrskem in petindvajsetmetrskem digitalnem modelu vi{in je 4 : 1, med povr{ino kvadratnih celic pa 16 : 1. V tem smislu je petindvajsetmetrski model vi{in {estnajstkrat bolj natan~en od stometrskega.
Od treh temeljnih geometri~nih lastnosti ploskev, ki jih v okviru geografskega informacijskega sistema lahko ugotavljamo z digitalnim modelom vi{in, to so oddaljenost, nagnjenost in ukrivljenost glede na vodoravno in navpi~no ravnino , smo za primerjavo izbrali tri lastnosti oziroma kazalce, ki se najpogosteje uporabljajo v geografiji. To so:
• vi{ina povr{ja ali oddaljenost povr{ja glede na vodoravno ravnino, • naklon povr{ja ali nagnjenost povr{ja glede na vodoravno ravnino in • ekspozicija povr{ja ali nagnjenost povr{ja glede na navpi~no ravnino.
Vi{ine povr{ja smo podali v metrih, naklone povr{ja v stopinjah od 0 za ravno povr{je do 90 za navpi~no povr{je, ekspozicije povr{ja pa v stopinjah od 0 za skrajno severno lego do 180 za skrajno ju`no lego. Izraunali smo jih za celotno Slovenijo in za {tiri reliefno razli~na obmo~ja (pravokotne izseke) z dol`ino 9 km, {irino 6km in povr{ino 54km 2 . Za ra~unanje kazalcev smo uporabili programski paket IDRISI (Eastman 1995).
Ugotovljeni kazalci pri stometrskem digitalnem modelu vi{in slonijo na 2.027.198 podatkih za Slovenijo in 5400 podatkih za posamezna obmo~ja, pri petindvajsetmetrskem digitalnem modelu vi{in pa na 32.436.693 podatkih za Slovenijo in 86.400 za posamezna obmo~ja. Obmo~ja (slika 1), ki smo poimenovali po gori [krlatici v Julijskih Alpah, Savinem pritoku Mirni ter vaseh Jeruzalem v Slovenskih goricah in [kocjan blizu [kocjanskih jam, so na kratko opisana v drugem poglavju. Naslednja tri poglavja prikazujejo rezultate primerjav petindvajsetmetrskega in stometrskega digitalnega modela vi{in za Slovenijo in izbrana obmo~ja glede na vi{ine, naklone in ekspozicije povr{ja. Primerjamo pogostnostno porazdelitev, aritmeti~no sredino, standardni odklon, variacijski razmik (razlika med najvi{jo in najni`jo vrednostjo) in koeficient variacije (razmerje med standardnim odklonom in aritmeti~no sredino) ter testiramo aritmeti~ne sredine vi{in, naklonov in ekspozicij povr{ja.
V nadaljnjem besedilu za stometrski digitalni model vi{in uporabljamo oznako DMV-100 in za petindvajsetmetrski digitalni model vi{in oznako DMV-25. 
